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LABORATORY INVESTIGATION
Renal adaptation to altered dietary sulfur amino acid intake
occurs at luminal brushborder membrane
RUSSELL W. CHESNEY, NAOMI GusowSKI, and AARON L. FRIEDMAN
Pediatric Renal Disease Laboratory and Department of Pediatrics, Clinical Science Center,
University of Wisconsin-Madison, Madison, Wisconsin
Renal adaptation to altered dietary sulfur amino acid intake occurs at
luminal brushborder membrane. The 13-amino acid transport capabilities
of rat renal epithelium were assessed using brushborder membrane
vesicles (BBMV). Taurine, a metabolically inert sulfur-containing ami-
no acid, was studied with emphasis on the renal adaptation to dietary
sulfur amino acid alteration. Three isoproteinic diets were given to
Sprague-Dawley rats: low-sulfur-amino-acid diet (LTD), normal-sulfur-
amino-acid diet (NTD), and high-taurine diet (HTD). Our studies
demonstrated that taurine is actively transported into membrane vesi-
des by a sodium-dependent transport system. This transport is en-
hanced by hyperpolarization with valinomycin and decreased by dissi-
pation of the sodium gradient by gramicidin. On LTD (compared to
NTD), plasma taurine, urinary taurine, and fractional excretion of
taunne were reduced. On HTD (compared to NTD), plasma taurine,
urinary taunne, and fractional excretion of taurine were elevated. In
vitro studies in BBMV from NTD animals revealed a Km of 40 M and
Vmx of 102 pmoles/mg proteinl30 sec. Other 13-amino acids significantly
inhibited BBMV taurine accumulation. BBMV taurine uptake was
enhanced after LTD (compared to NTD) and diminished after HTD
(compared to NTD). These studies indicate that a renal adaptation to
dietary alterations in sulfur-containing amino acids occurs and that the
luminal brushborder membrane participates in the adaptation. Renal
adaptative mechanisms to dietary change may serve to help conserve
amino acids during deprivation and to excrete amino acids during
periods of excess.
L'adaptation rénale a un apport alimentaire altéré en acides aminés
soufrés se produit dans Ia bordure en brosse luminale. Les capacités de
transport des acides f3-aminés de l'épithélium renal de rat ont été
étudiées en utilisant des vésicules de bordure en brosse (BBMV). La
taunne, un acide amine contenant du soufre, métaboliquement inerte, a
été étudiée avec un intérét particulier pour l'adaptation rénale a une
alteration alimentaire en acides aminés soufrés. Trois regimes isopro-
téiques ont été donnés a des rats Sprague-Dawley: un régime pauvre en
acides aminés soufrés (LTD); un régime normal en acides aminés
soufrés (NTD), et un régime riche en taurine (HTD). Nos etudes ont
montré que Ia taurine est activement transportée dans les vésicules
membranaires par un système de transport sodium dépendant. Ce
transport est stimulé par une hyperpolarisation avec de Ia valinomy-
cine, et est diminué par dissipation du gradient de sodium par Ia
gramicidine. Avec un LTD (par rapport a un NTD), Ia taurine plasma-
tique, Ia taurine urinaire, et l'excrétion fractionnelle de taurine étaient
diiuinuées. Avec on HTD (par rapport au NTD), Ia taurine plasmatique,
Ia taurine urinaire, et l'excrétion fractionnelle de taurine étaient dle-
vCes. Des etudes in-vitro sur des BBMV d'animaux en NTD ont révélé
un Km de 40 M et une Vmax de 102 pmoles/mg protéine/30 sec.
D'autres acides 13 aminés ont significativement inhibC l'accumulation de
taunne dans les BBMV. L'entrée de taurine dans les BBMV était
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stimulée aprés LTD (par rapport au NTD) et diminuée aprCs HTD (par
rapport au NTD). Ces etudes indiquent qu'il se produit une adaptation
rénale a des alterations alimentaires en acides aminés contenant du
soufre et que la bordure en brosse luminale participe a cette adaptation.
Les mécanismes d'adaptation rénale aux modifications alimentaires
pourraient aider a conserver les acides aminés pendant une restriction,
et a excréter les acides aminés pendant les périodes de surcharge.
Interest has recently been focused on the ability of the renal
epithelium to adapt to alterations in dietary intake of various
nutrients. Little is known regarding the renal conservation of
amino acids, although our work [1] and that of Rozen, Tenen-
house, and Scriver [2, 31 in rodents show that the 13-amino acid,
taurine, is conserved by renal tubules after ingestion of a
taurine-depleted diet. Studies in mice [31 and preliminary data
in rats [4] suggest that the renal conservation of taurine after
decreased dietary intake occurs at the brushborder of the
luminal surface.
In this paper, we report that the capacity of the renal
epithelium to adapt to alterations in the dietary intake of sulfur
amino acids appears clearly to reside at the level of the
brushborder membrane. Using isolated brushborder membrane
vesicles, increased accumulation of taurine can be shown in
animals fed a low-sulfur-amino-acid diet, and decreased accu-
mulation is evident in animals fed excessive taurine.
Methods
Animals. Sprague-Dawley rats (King Labs, Fitchburg, Wis-
consin) were used in all studies. Rats were fed one of three
diets—low-sulfur-amino-acid diet (LTD), normal-sulfur-amino-
acid diet (NTD), or taurine-supplemented diet (HTD)—pre-
pared as described previously [1, 2]. Briefly, all diets contained
20% soy protein. In addition, the LTD contained 0.2% (w/w)
methionine, 0.3% cysteine, and no taurine; the NTD contained
0.7% methionine and 0.7% cysteine; and the HTD contained 3%
taurine, 0.7% methionine, and 0.7% cysteine. Adult rats were
fed one of the three diets for 14 days prior to sacrifice. Previous
studies have shown that this time period is sufficient to permit
the full renal adaptive response to each diet (Friedman and
Chesney, unpublished observations). Urine and plasma collec-
tions were performed on days 58 to 60 of life.
On the morning of sacrifice, animals, aged 58 to 60 days, were
placed in metabolic cages with access to water only. The
animals remained in cages for 3 to 6 hr, after which urine was
collected and its volume determined; the urine specimens were
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then rapidly frozen. Blood was removed from the bifurcation of
the iliac arteries, placed on ice in heparinized tubes, and
centrifuged at 10,000 rpm. The plasma was then carefully
removed; hemolyzed plasma samples were rejected. Plasma
taurine concentrations were determined only in plasma samples
with a distinct buffy coat, since both leukocytes and platelets
contain taurine in high concentrations [5].
Urine and plasma taurine and creatinine were measured by
previously described methods [5]. The fractional excretion of
taurine and the endogenous creatinine clearance was calculated
from these values.
No attempt was made to pair-feed animals, but the animals
ingesting the LTD, which contained reduced methionine and
cysteine, consistently ingested more food than all other groups.
Membrane vesicle preparation. Renal cortex brushborder
membrane vesicles were isolated by a series of differential
centrifugations using a modified method of Booth and Kenny
[6]. Rats were placed under anhydrous ether anesthesia and
exsanguinated; their kidneys were removed, decapsulated, and
placed in cold (4°C) saline. Renal cortex tissue was cut away.
Samples of between 1.5 and 6 g wet weight were homogenized
in 20 volumes of 50 mr'vi D-mannitol, 2 mr'vi Tris-HCI (pH 7.4)
and 10 mi'i Hepes (THM) for 5 mm with a Sorvall omnimixer
(setting #10) in an ice bath. Calcium chloride (final concentra-
tion 10 mM) was added to aggregate the intracellular and
basolateral membranes and stirred on ice for 15 mm. The
mixture was centrifuged at 0 to 4°C at x500g (2,050 rpm in a
Sorvall RC-5B SS-34 Rotor radius) for 12 mm. The pellet (P1)
was discarded, and the supernatant (S1) was saved. A 12-mm
centrifugation of Si at xl5,000g [11,200 rpm) gave a new pellet
(P2)]. A second resuspension in THM and precipitation in CaCl2
was followed by a x750g (2,500 rpm) spin for 12 mm). Superna-
tant S3 was saved and centrifuged at x30,000g (15,800 rpm) for
12 mi Supernatant S4 was discarded, and the pellet plus halo
(P4) was resuspended in THM (300 mOsm; made up with 288
mM mannitol) to remove CaC12. A 20-mm centrifugation at
x48,000g (top speed) gave pellet P5. which was resuspended in
one-tenth the original volume of 300 mOsm THM using a
syringe with an 18-gauge needle. A spin at x2,000g (4,500 rpm)
brought down pellet P6; the supernatant (S6) was then spun at
x48,000g for 20 mm. Pellet P7 represented brushborder mem-
branes. The membranes were hypotonically vesiculated by
homogenization in 100 mOsm THM (pH 7.5) in a glass-teflon
homogenizer (Potter-Elvehjem) at 1,200 rpm. The vesicles were
recentrifuged at x48,000g and resuspended in 0.3 M THM (pH
7.5) with 0.1 mivi MgSO4. Membrane vesicles were used for
uptake studies immediately after preparation.
Enzyme and protein determinations. Membrane purity was
assessed routinely from the enrichment of y-glutamyl transfer-
ase and 5'-nucleotidase, markers for brushborder membranes
relative to the homogenate [7, 8]. Other enzymes examined
were oubain-inhibitable NaK-ATPase [9] as a marker of
basolateral membranes; malate dehydrogenase [10] as a marker
of microsomal membranes; succinyl cytochrome-C reductase
[11] as a mitochondrial marker; acid (pH 4.8) phosphatase [121
and N-acetyl-/3-D-glucosaminidase [131 to indicate lysosomes,
and DNA [14] as an indicator of nuclei. Protein was determined
by the method of Lowry et a! [151 after the homogenate and
brushborder preparations precipitated in 6% trichloroacetic
acid.
Amino acid uptake studies. Uptake of radioactive taurine
(3H) and glucose ('4C) was assayed by a Millipore filtration
technique [16]. In general, 200 g of membrane suspension was
preincubated at 25°C for 30 to 45 mm. Incubation was initiated
by the addition of medium containing known amounts of cold
and radiolabelled taurine; usually, 0.5 tCi was added. All
incubation media contained 289 mi mannitol, 1 mri MgSO4, 10
mM Hepes/Tris (pH 7.4), and the other salts noted. After the
desired time interval, a 50-pd aliquot was placed on a prewetted
0.45-SM Millipore filter (HAWP). The filtered sample was
washed twice with 3.0 ml of iced wash solution; this entire
process took 12 sec. The iced "stop solution" contained 289
mM mannitol, 1 mM MgSO4, and 10 mrvi Hepes/Tris (pH 7.4).
Filters were dried overnight in scintillation flasks and then
dissolved in Aquasol and counted for radioactivity in a liquid
scintillation counter. The values for the nonspecific retention of
radioactivity were subtracted from values obtained after incu-
bation with membranes. This nonspecific retention was about
2% of the specific amount found.
All incubations were performed in triplicate. Uptake values
are expressed as picomoles per milligrams of protein per unit of
time. The data at most points represent the mean of at least 12
and often as many as 20 to 30 determinations.
Analytical. The concentration of taurine was determined on
protein-free filtrates of plasma, urine, or cortex homogenates
using an amino acid analyzer (Model 120, Beckman Instru-
ments, Inc., Fullerton, California), as described previously [5].
Data comparisons were made with Student's t test, linear
regression analysis, and analysis of variance using a desk-top
computer with established programs (Texas Instruments Users
Guide, Dallas, Texas). An analysis of kinetics for transport
functions was performed using WISAR (Madison, Wisconsin)
modification of the method of Neal [17]. Serum and urine
creatinine were measured as described [5].
Materials. 3H-taurine (sp act 23.1 Ci/mM) and '4C-glucose (sp
act 329 Cilmole) were purchased from New England Nuclear
Corp. (Boston, Massachusetts). Radiochemical purity was con-
firmed by one-dimensional TLC. All chemicals used to prepare
media were reagent grade.
Results
Taurine urinary excretion. As we noted previously, taurine
plasma and urine concentrations were related to the type of diet
consumed [1] (Table 1). Plasma taurine was subnormal in
animals fed the low-sulfur-amino-acid diet (LTD) and supranor-
mal in animals fed the high-taurine diet (HTD). Urine taurine
was diminished by 91% in LTD-fed animals and increased by
2894% in HTD-fed animals. The fractional excretion of taurine
was decreased by 82% in LTD-fed rats and increased by 637%
in HTD-fed animals.
Plasma concentrations of taurine were correlated directly
with the values for the fractional excretion of taurine over a
wide range of taunne concentrations (r = 0.766, N = 42, P <
0.001) (Fig. 1). Plasma taurine concentrations were also corre-
lated with tissue taurine concentrations (r = 0.664, N = 25,P <
0.001). In addition, a correlation was found between tissue
taurine values and the fractional excretion of taurine (r = 0.584,
N = 25, P < 0.005).
Membrane purity. y-Glutamyl transferase and 5'-nucleotid-
ase were used as markers for the brushborder membrane and
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Table 1. Concentration of taurine in plasma and urine, and fractional excretion in animalsa fed different sulfur amino acid diets
LTD NTD HTD
Plasma
xmolesIliter plasma H20
182 20l,c
N = 24
321 29
N = 23
1195 87a
N = 13
Urine
pmoleslmg creatinine
0.56 0.19a
N = 25
6.36 1.08
N = 12
184.10 30.8c
N = 13
Fractional excretion 0.0179 0.0005a
N=25
0.0976 0.0016
N=l2 0.6255 0.0802cN=13
Abbreviations: LTD, low-sulfur-amino-acid diet; NTD, normal sulfur-amino-acid diet; HTD, high-taurine, normal methionine diet.
a The animals were 58 to 60 days old.
b Values are 5( 5E.
a These values differ from those found in animals fed the NTD, P < 0.005.
were 6.7- and 4.5-fold enriched relative to the starting homoge-
nate. The relative specific activity of other cell membrane
markers—ouabain-sensitive Mg +k-dependent Na K-ATPase,
malate dehydrogenase, succinyl cytochrome C reductase, acid
phosphatase (pH 4.8), N-acetyl-J3-D-glucosaminidase and
DNA—were reduced relative to the initial homogenate.
Effect of osmolarity. At equilibrium (45 mm), the uptake of
taurine was inversely related to the osmolarity of the medium
when the nonpermeant disaccharide sucrose was used to in-
crease the osmolarity of the medium, thus indicating that the
accumulation of this organic solute represents intravesicular
transport rather than binding to the outer surface of the
membranes. Any extrapolation to infinite osmolarity indicates
that there is little (<5%) binding to membranes when compared
to net uptake. Implicit in these results is that taurine accumula-
tion is directly related to intravesicular volume. Using a 300-
mOsm medium at equilibrium, the estimated intravesicular
volume is roughly 1.1 .d/mg of protein by extrapolation from
the intercept.
Sodium dependency of uptake. The uptake of taurine and D-
glucose by BBMV were compared. D-glucose (60 tM) uptake
was 20 times greater in the presence of an external Na (100
mM NaCl) gradient than in the absence of a sodium gradient.
This "overshoot" reaches its peak between 15 and 30 sec (data
not shown). With taurine, a sodium-dependent "overshoot" is
also found using the same external Na gradient. However, the
peak uptake of 10, 25 and 50 M taurine occurs between 6 and 7
mm. This slower pattern of uptake is a consistent feature (Fig.
2).
Taurine uptake in the presence of external sodium is 30 to 40
times greater than uptake in the presence of external mannitol
(Fig. 2), LiC1 (not shown), or choline Cl (not shown). Prein-
cubation of BBMV in 100 mivi NaCI followed by uptake in 100
mM NaCI blocks the overshoot of taurine and glucose. Howev-
er, greater uptake values are evident in the presence of Na
(despite the absence of a gradient) when compared to similar
experiments using mannitol or LiCl. At equilibrium, taurine
uptake in the presence of sodium is the same, regardless of the
presence of an external Na gradient (Fig. 2).
Effect of ionophores. The ionophores valinomycin and grami-
cidin were used to determine the role of transmembrane poten-
tial difference on taurine transport. Vesicles preincubated in 100
mM KC1 and then measured after incubation in 100 mrvi NaC1
showed greater uptake in the presence of valinomycin (Fig. 3A).
Fig. 1. Relationship between plasma taurine Concentration (tM/liter)
and the fractional excretion of taurine in vivo. Shown are the individual
results in animals on each of the three diets (• = LTD; 0 = NTD; A =
HTD). The regression line (r = 0.766, P < 0.001) indicates that the
highest plasma concentrations are associated with the greatest taurine
excretion.
The overshoot in the presence of this K-ionophore exceeded
that in its absence by 38% (P < 0.001), indicating that the
hyperpolarization caused by valinomycin augments taurine
uptake by BBMV.
The Na-ionophore gramicidin, which dissipates the Na
gradient, decreases the taurine overshoot by 33% (P < 0.001)
(Fig. 3B).
Concentration dependence of uptake. Taurine uptake is
concentration-dependent over a range from 10 to 2500 riM. In
Figure 4 is shown the 30-sec uptake of taurine (from 10 to 250
M) both with and without a 100 mtvi NaCI gradient; the
difference between these two curves indicates the Na-depen-
dent component of taurine uptake. At 30 sec, uptake is in a
linear portion of the time-dependent uptake curve and, thus, the
initial rate of uptake can be obtained. Using an Eadie-Hoffstee
analysis, the active of Natdependent component of taurine
uptake has a Km of approximately 40 rM and Vmax of 120
pmoles/mg protein/30 sec.
Inhibitors of taurine uptake. Of amino acids examined, f3-
amino acids (and not a-amino acids) consistently inhibit taurine
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Fig. 2. Time course of radiolabelled taurine uptake by BBMV. Taurine
concentration is 10 jiM. Each point represents the mean SE of at least
20 determinations. Symbols are; A, Na out, mannitol in; 0, Na out,
Na in;•, mannitol out, mannitol in.
B
Time, mm
Fig. 3. A Uptake of taurine (10 jiM) after preincubation in a medium
containing 100 ms'i KC1 and buffered 100 mw mannitol. Uptake was
measured in a medium containing 100 mi NaC1 and buffered 100 mM
mannitol in the presence (•) and absence (0) of 14.7 jig valinomy-
cm/mg protein. Each point represents the mean SE of six determina-
tions. B Uptake of taurine (JO si) after incubation in a medium
containing 100 msi NaCI and buffered 100 mi mannitol in the presence
(S) and absence (0) of 8 jig gramicidinlmg protein. Each point
represents the mean SE of six determinations.
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uptake by BBMV (Table 2). Although f3-aminoisobutyric acid at
100 /.LM fails to block taurine uptake at 10 jiM, it inhibits taurine
accumulation by more than 50% at f3-aminoisobutyric acid
concentrations of more than 500 jiM. Using a Dixon plot [18], it
is found that hypotaurine inhibits taurine uptake in a competi-
tive fashion (data not shown). Accordingly, taurine appears to
be transported across the brushborder surface by a /3-amino
acid group-specific process, and no interaction is found with
several other a-amino acids.
Effect of diets on BBMV uptake of taurine. The accumulation
of taurine was examined in BBMV prepared from animals fed
each diet for 14 days. All animals were 58 to 60 days at the time
of sacrifice. Uptake is increased by more than twofold (140
pmoles/mg protein/360 sec) in vesicles from animals fed the
LTD than in controls (60 pmoles/mg protein/360 sec, P < 0.001)
(Fig. 5). A significant reduction in taurine uptake is evident in
BBMV from HTD-fed animals (30 pmole s/mg protein/360 sec, P
<0.001). Enhanced uptake of taurine is evident throughout the
time course of the overshoot in BBMV from LTD-fed animals
and twice as much radiolabel was found at equilibrium (P <
0.001). Diminished uptake in HTD-fed animals is also found
throughout the time course of the overshoot, but at equilibrium
it is comparable to uptake values obtained in NTD-fed animals.
Concentration-dependent, Natdependent uptake of taurine
over a range of values from 10 to 250 jiM reveals a change in
Vmax, but no change in the Km using an Eadie-Hoffstee plot of
the initial (30-sec) uptake data (Fig. 6). The values for Km are:
LTD, 47.6 pv1; NTD, 46.9 /LrvI; HTD, 45.4 JiM. The Ymax values
are: LTD, 322 pmoles/mg protein/60 sec; NTD, 228 pmoles/mg
protein/60 sec; and HID, 168 pmoles/mg protein/60 sec. The
value for Vmax from LTD is different from that for NTD (P <
0.01), and the value for Vmax from HID is different from that for
NTD (P < 0.02) using the method of co-variant analysis.
Hence, alterations in taurine uptake by BBMV caused by
changes in diet appear to be related to an alteration in the
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number of uptake sites or a change in membrane fluidity rather
than the affinity of these sites for taurine.
When the uptake of taurine is examined over a variety of
concentrations from 10 to 10,000 JiM by Eadie-Hoffstee analy-
sis, at least two uptake sites can be identified—one site repre-
sents a low-Km, high-affinity site and the other a high-Km, low-
affinity site. Similar data are apparent in animals on either the
LTD or HTD. However, it is likely that this high-Km system
represents diffusion of taurine into the vesicle, since subtraction
of that component of uptake accounted for by diffusion alone
does not indicate net uptake (V — V(s) <0) at concentrations of
taurine exceeding 250 JiM.
Fig. 4. The relationship between taurine
concentration (10 to 250 M) and the Na
gradient-dependent and the Na gradient-
independent initial (30 sec) rates of uptake of
this 13-amino acid. Incubations were
performed in the presence (S) and absence
(0) of 100 msi NaC1 replacing the buffered
mannitol isosmotically. Each point represents
the mean SE of five experiments performed
in triplicate. The broken line represents the
difference between Na-dependent and
independent uptake and indicates the active
accumulation of taurine. The inset is a
Lineweaver-Burk plot of active accumulation
derived from the broken line.
Table 2. Effect of several amino acids on taurine uptake by
brushborder membrane vesic1es
Control
+ Hypotaurine
Control
+ Methionine
Control
+ a-Alanine
Control
+ J3-Alanine
a Theconcentration of taurine in the external medium was 10 /LM, and
incubation was for 60 sec. The other amino acids were present at 100
tLM. The results are the mean SE of six determinations.
b The value indicates a difference from control by P < 0.001. The
uptake is expressed as the picomoles accumulated per milligram of
protein per 60 sec.
Discussion
Rat renal brushborder membrane vesicles appear to accumu-
late taurine by a p-amino-acid-preferring system, similar to the
uptake systems found in mice for taurine [2] and in rabbits for f3-
alanine [19]. This accumulation probably represents uptake into
vesicles, since changes in osmolarity influence uptake in an
inverse fashion. At infinite osmolarity, little evidence for tau-
rifle binding is found.
Although taurine uptake and the overshoot are dependent on
an external sodium gradient, the time course of taurine is much
slower than the time course of either glucose or sodium
accumulation. A slower uptake of taurine by mouse vesicles
and of f3-alanine by rabbit vesicles has also been reported [2,
19]. A slow time course of accumulation of lysine by rat renal
BBMV has also been described, wherein the peak of the
overshoot is reached after 4 mm [20]. Since sodium uptake by
BBMV may be rapid, the role of sodium in energizing taurine
uptake is unclear. However, Hammerman and Sacktor [211,
using rabbit BBMV, showed that sodium accumulation contin-
ues for at least 60 mm, and at 5 mm, sodium uptake is only 50%
complete. Thus, taurine accumulation, although it is slow,
could still potentially be energized by a sodium gradient.
Taurine accumulation also appears to be driven by a trans-
membrane potential difference, since the K ionophore valino-
mycin enhances taurine accumulation in the presence of a
potassium outward gradient. Uptake occurs by a /3-amino-acid-
preferring system, as evidenced by the fact that only other /3-
amino acids block taurine accumulation.
The finding of Natdependent, p-amino-acid-specific accu-
mulation of taurine is consistent with our findings in rat renal
cortex slices and collagenase-isolated tubule segments [22, 23].
In both slices and tubules, evidence for two accumulation sites
was found, the 1OWKm, high-affinity site having a Km similar to
that determined in this study. Although we found evidence of a
high-Km, low-affinity site in BBMV, uptake by this system
represents diffusion into the vesicle, since net accumulation of
taurine was not found. Accordingly, uptake by the high-Km
system evident in slices and tubules is most likely occurring
across the periluminal membrane.
The results from animals placed on each of the three diets
differing in methionine and taurine content show that hypotaur-
inemia is associated with an adaptive reduction in the fractional
excretion of taurine and that hypertaurinemia is associated with
hypertaurinuria. These differences are accompanied by changes
in uptake at the brushborder surface. Accordingly, the brush-
border membrane, the predominant site for the active transport
of amino acids, is where the renal adaptation to changes in
filtered taurine load occurs. By comparison, the uptake of D-
glucose by BBMV was not altered by the type of diet used
(Chesney and Gusowski, unpublished observation), indicating
no effect on another organic solute.
Rozen and Scriver [31 have demonstrated a similar adaptive
response in terms of taurine uptake to altered dietary intake in
mice of two separate strains: C3H/HeJ, a low-taurine excretor,
and C57BLI6J, a high-taurine excretor. In mice, enhanced
BBMV accumulation of taurine was found after animals were
placed on a series of diets deficient in methionine, cysteine, and
taurine. However, this study group used different methods of
reducing methionine intake. One diet had a low protein content,
8% casein, which reduced methionine intake to 0.2% of the diet
and cysteine to 0.03%. A second diet consisted of 20% soy
protein which had 0.26% methionine and 0.3% cysteine. The
control diet in this second experimental format had both
methionine and taurine added. A third diet was deficient in
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Fig. S. The time course of Na-dependent taurine (10 M) uptake by
BBMV prepared from animals fed either the low-sulfur-amino acid diet
(LTD), normal-sulfur-amino-acid diet (NTD) or high-taurine diet (HTD)
for 14 days prior to sacrifice. Each point represents the mean SE of
between seven and 12 experiments performed in triplicate (N = 21 to 41
determinations). Symbols are: LTD, I; NTD, 0; HTD, A.
phenylalanine but contained adequate methionine and cysteine.
No diet contained excessive taurine. The study group found
that the mice showed enhancement of the renal reabsorption
and BBMV uptake of taurine when ingesting either the low-
protein or low-sulfur-amino-acid diet. While consuming the
low-protein diet, the C3H/HeJ mice showed no real change in
urinary taurine excretion but did show enhanced taurine accu-
mulation by cortex slices and BBMV.
Our experimental design utilized an isoproteinic (high-pro-
tein) diet (20% by weight) to which methionine, cysteine and
sometimes 3% taurine were added. Moreover, we used rats in
which we have described the renal handling of taurine [22, 23]
and in which the dietary requirements for methionine, cysteine
and taurine are clearly understood. A methionine dietary con-
tent of 0.67% and cysteine content of 0.6%, as found in our
NTD and HTD, permit optimal growth in rats [24]. A taurine-
deficient diet fed to rats is tolerated, and biosynthesis from
methionine and cysteine in adult rats (58 to 60 days old)
amounts to 54% of the taurine pool [25]. The methionine- and
cysteine-deficient diet used in this study does not permit
optimal growth [24] and results in a reduction in plasma and
urine taurine. Previous studies demonstrated that renal cortex
tissue taurine concentration in rats fed the LTD is significantly
reduced to 7.29 1.06 moles/g wet weight versus values of
12.4 0.5 moles/g (P < 0.01) in animals fed the NTD [1].
Rozen and Scnver [3] also found a 30 to 40% fall in renal cortex
taurine content after instituting the low-protein or low-sulfur-
amino-acid diet in C3H/HeJ mice.
The signal for this adaptive response to dietary change is not
known. Plasma taurine concentrations are theorized to initiate
the adaptive response both in urinary excretion and in BBMV
uptake. In both human infants fed a taurine-deficient diet and in
rats fed a vitamin-B-6-deficient diet, plasma taurine levels fall
and urinary taurine excretion declines [26]. This decline in
plasma and urine taurine in rats occurs despite the absence of
any change in the taurine content of other organs, suggesting
that the renal adaptive response may subserve the maintenance
of taurine levels in other organs of the body. In our studies,
plasma taurine correlates directly with the fractional excretion
of taurine and with renal cortex taurine content. Using the
HTD, taurine hyperexcretion may be the result of an overflow
type of aminoaciduria; however, a clear reduction in taurine
BBMV uptake under this situation and in the Vmax of taurine
accumulation is evident. Finally, tissue taurine content and
fractional excretion are correlated. All these findings suggest,
but do not prove, a role for plasma taurine concentration acting
as a signal for this adaptive response to diet.
The reason that tissue concentrations of taurine might be
maintained relates to biologic function of this compound. Its
main role is to conjugate bile acids, and bile acid conjugation
patterns can be altered by manipulation of dietary taurine intake
[27]. Taurine depletion leads to greater glycine conjugation
which can increase the lithogenicity of bile salts [28], and these
taurine-conjugated bile acids are conserved by renal epithelium
following filtration [29]. Taurine also serves as a regulator of
cell volume in certain marine fish; changes in cell osmolality
after rapid dilution from 100 to 70% seawater may be mediated
in part by a loss of intracellular taurine [30]. A further biologic
role is to lower the excitability of electrically active membranes
in the central nervous system, spinal cord, myocardium, and
retina [31, 32]. Thus, to maintain the availability of this neuro-
transmitter in proximity to excitable membranes [32], renal
conservation of taurine may be appropriate.
In conclusion, a renal adaptive response to alteration in the
intake of sulfur amino acids is evident in rats. With deprivation
of methionine, cysteine and taurine, taurine is conserved, and
accumulation by both tubules and BBMV is enhanced. With
taurine excess, taurine is excreted, and both tubular and BBMV
uptakes are reduced. These mechanisms act to conserve amino
acids under periods of undernutrition and excrete excess amino
acids under periods of dietary sufficiency.
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